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Abstract

Com fiber, a by-product of the com wet-milling industry, represents a
renewableresource that is readilyavailableinsignificantquantitiesandcould
potentially serve as a low-cost feedstock. for the production of fuel-grade
alcohoL In this study, we used a batch reactor to steam explode com fiber at
various degrees of severity to evaluate the potential of using this feedstock
in the bioconversion process. The results indicated that maximum sugar
yields (soluble and following enzymatic hydrolysis) were recovered from

-comfiberthatwaspretreatedatl90OCforSminwith6%S02·SequentialS02-
catalyzed steam explosion and enzymatic hydrolysis resulted in very high
conversion (81%) of all polysaccharides in the com fiber to monomeric sug
ars. Subsequently, Saaharomyces cerevisiae was able to convert the resultant
com fiber hydrolysates to ethanol very efficiently, yielding 90-96% of theo
retical conversion during the fermentation process.

Index Entries: Com fiber; steam pretreatment; enzymatichydrolysis; fer
mentation; ethanoL

Introduction

Thebioconversionoflignocellulosicsubstrates to ethanolcanprovide
an environmentallyfriendly alternative fuel to gasoline, and thereby reduce
our dePendence on nonrenewable fossil fuel sources and concurrently
reduce greenhouse gas emissions. Various lignocellulosic biomass feed-
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stocks, includingagricultural residues, food-processing waste,wood resi
dues, municipal solid wastes, herbaceous energy crops, and pulp- and
paPer industry wastes, have the potential to serve as low-eost, abundant
feedstocks for the production of fuel ethanol (1-4).

Com fiber represents a renewable resource that is readily available in
significantquantities from the comwet-millingindustry, and couldpoten
tially serveas a low-eostfeedstockfor theproductionoffuel-grade alcohoL
Currently, in Canada, more than 9 billion ldlograms of com are processed
annually by the oom wet-millingind~ in the production of syrups,
starch, oil, and alcohol fuel Although substantial, this is only a fraction·
(4%) of that processed in the United States, which consumes -229 billion
kilograms of com annually (5). Com fiber is a mixture of com hulls and
residual starchnot extracted during the millingprocess, and comprises up
to 11%ofthe dryweightofthe comkemel (6). Therefore,comfiberisa very
attractive lignocellulosic substrate for the bioconversion to ethanol pro-:
cess, because it has very high carbohydrate content, is present in large
quantities in most ethanol- and starch-processing plants, has few compet
ing users, and is inexpensive. Presently, 238 million liters of ethanol is
produced annually in Canada, of which approx 73% is derived from com
(5). Ithasbeen predicted that the utilization ofthe comfiber fraction in the
conversion process could potentially increase the overall ethanol yield by
approximately 13% (2). Although various feedstocks, including hard
woods, softwoods, and agricultural residues,havebeenevaluatedfor their
potential in this process, and consequently, several common process vari
ables in the overalllignocellulose-to-ethanol oPeration (i.e., pretreatment,
enzymatic hydrolysis, fermentation) have been established, significant
technical and economical challenges still remain. Basically, the success of
a bioconversion process depends largely on the development of environ
mentally friendly pretreatment procedures, highly effective enzyme sys
tems for the conversion of pretreated residual biomass to fermentable.
sugars, and microorganisms that can efficientlyconvertmultiple sugars to
ethanol. Although several pretreatment options for com fiber have been
evaluated for their efficacy in fractionating, solubilizing, hydrolyzing, and
separating the major compositional constituents, to date no single process
has been proven truly suPerior.

Osbom and Chen (7) evaluated the use of acid hydrolysis at various
temPeratures for its potential in converting com fiber, and demonstrated
that partial hydrolysis could be readily accomplished by treatment with
dilute sulfuricacid at135°C.Employinga similarprocess,itwas alsoshown
that com fiber could effectively be converted when treated with dilute
sulfuric acid at temperatures ranging from 140 to 160°C, detoxified with
calcium hydroxide, and ~e solubilized sugar fermented to ethanol using
recombinant Escherichia coli KOn (8). However, neither group achieved
complete hydrolysis of the polysaccharides in the water-insoluble fraction
of the com fiber. Significant inlubitorformationwas observed, even under
relatively mild conditions.
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GrohmannandBothast(2)investigatedthesaccharificationofpolysae-
. charides in com fiber by sequential treatment with dllu~sulfuric acid at
1DO-1600C followed by partial neutralization and enzymatic hydrolysis
with mixed cellulase and amyloglucosidase enzymes at 450C Although
this process showed that enzymatic hydrolysis achieved an 85% conver
sion of all polysaccharides in the com fiber, it was also apparent that sig
nificant inhibitor formation occurred at allpretreatment conditions tested
between 140 and 1600C (2).

An alternative method has also been develoPed in attempts to over
come the toxicity effects of pretreatment and neutralization problems of
dilute-acid treatments.Moniruzzamanetal. (9)establishedanddetermined
the best conditions for ammonia fiber explosion treatment (AFEX) ofcom
fiber. While this research indicated that the AFEX process circumvented
inhibitory the formation of by-products, it pointed to a need for better
xylan-degradingenzymes,becausethehemicelluloseremainedinthepoly
meric form after processing.

Althoughmanycomfiber pretreatmentmethodshavebeenproposed
(enzymatic, acid hydrolysis, and.AFEX), none have been proven to be
effective. Therefore, in an attempt to establishand optimize thebioconver
sion of com fiber to ethanol, an alternate pretreatment method, S02-eata- .
lyzed steam explosion, was evaluated.

Previous work has shown that S02-eatalysed.steam explosion can
successfully pretreat softwood (10-14) and hardwood residues (3,15,16)
during the bioconversion process. It has also been suggested that steam
explosion is one the most cost-effectivepretreatmentmethods for lignocel
lulosic residues prior to enzymatic saccharification (10,17). Additionally, .
502impregnationhasbeen shown to facilitate lowerreactiontemPeratures
and shorter reaction times and, consequently, reduce the formation ofdeg
radationproducts (3). The results clearlydemonstrate increasedenzymatic
accessibility to cellulose, and enhanced recovery of the hemicellulose
derived sugars (14,15,18,19). It has also been shown that the combinations
of steam explosion with acid-eatalyzed hydrolysis increases pore volume,
and therefore, enhances enzyme accessibility (20), reduces particle size
(14), and increases available surface area (21).

The aim of the present study was to evaluate the influence of steam
explosion pretreatment parameters (time, temPerature, and pH) on the
subsequent enzymatic saccharification ofcomfiber, inan attempt to estab
lish optimum pretreatment conditions for the feedstock (ie., those that
facilitated complete enzymatic hydrolysis of the polysaccharides while
concurrentlygenerating high-yield hydrolysates ofhemicellulose-derived
monomeric sugars).

Materials and Methods
Pretreatment ofSubstrate

Com fiber (60.3% moisture content) was obtained from the National
Center for Agricultural UtilizationResearch (peoria, n..) and stored at -200C
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until use. Samples of'3OQ g (dry weight) of com fiber were impregnated
ovemightwithanhydrousS02inplasticbags(totalweightofbiomassmoni
tored and adjusted appropriately). The uptakeof~,expressed as a per
centage of the oven-dried com fiber, was measured. by weighing the com

. fiber before and after the addition ofS02. Thesamples were thenloaded in
50 g batches into a preheated 2 L Stake Technbatch reactor (Stake Tech
Norvall, Ontario, Canada) and exploded at different severities (tempera
ture ranging from 170 to 200CC, time ranging from 1.5 to 5 min, and~ .
concentration ranging from 0 to 6% weight/oven-dried weight of fiber).
The severity of the steam explosion pretreatment was represented by the .
severityfactor as definedbyOverendandOlomet (22). TIiisseverityfactor
(~) combines the effects of time and temperature, as follows:

R =t xe(Tr-T~/l4.7S
o .

in which t is the residence time (min), Tr is the reaction temperature (CC),
and T" is a reference temperature (IOOCC) (22). Itwas established that dur
ing steam explosion, the applied~ was converted to sulfuric add by
either oxidation or disproportionation, or both (23).

Following steam explosi~the concentration of sugars in the water
soluble fraction was quantified by high-pressure liquid chromatography
(HPLC), while the water-insoluble fraction was collected and adjusted to
2% (w/w) drymatter contentand subsequentlyused for enzymatichydro
lysis (without further water washing). Shotyields (%) were determinedby
dividing the dry weight of the steam-exploded sample by the dry weight
of the non-pretreated sample (300 g). The oven-dried weight was deter
mined by overnight drying at lOSCC.

Characterization ofSubstrate

The chemical composition of the original startingmaterial and steam
exploded solids was determined using a modified Klason lignin method
derived from the TAPPI Standard method T222 om-88 (24). Briefly, 0.2 g of
sample was incubated at 200C with 3 mL of 720/0 H2SO4 for 2hwithmixing
every10min. The reactionwas thendilutedwith112mLofdeionizedwater
(final add concentration of 4% H2SO4 ) and transferred to a serum bottle.
The solution was then subject to autoclaving at 121°C for 1 h and filtered
through a medium coarseness sintered-glass filter for the gravimetric deter
mination of add-insoluble lignin. Each experiment was run in triplicate.
The concentration ofsugars both in the filtrate and in the steam-pretreated
hydolysate, as well as inhibitors such as 5-hydroxJmethylfurfurals
(5-HMFs), were determined using HPLC analysis. The HPLC system
(Dionex DX-500) was equipped with an ion-exchange PAl (Dionex) col
umn, a pulsed amperometric detector with a gold electrode, and a Spectra
AS 3500 autoinjector (Spectra-Physics). Prior to injection, Samples were
filtered through O.45-mmHVfilters (Millipore,Bedford,MA) anda volume
of20 JiLwas loaded. The columnwas equilibratedwith250mMNaOH and
eluted with deionized water at a flow rate of 1.0 mL/min.
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Ethanoland furfural concentrationwere determinedusinga Hewlett
Packard 5890 gas chromatograph equipped with a 6890 autoinjector,
splitless injector system, and FID detector. Components in the prehydro
lysate were separated using a 30 m Stabilwax-DA column supplemented
with a 5 m deactivated guard column (Restek). During the analysis, the
following parameterswereused:9QOCinjector temperature,25OOCdetector
temperature,helium as a carriergasata flowrateofl mL/min. Thecolumn
temperature was controlled as follows: isoaatic at45°C for 6 min, ramped
to 230°C at a rate of 2.QOC/min, and held for 16 min. Prior to injection,
diluted samples were filtered through 0.45 J.UIl filters and injected at a vol
umeof2J1L.

Enzymes

A complete Trichoderma reesei cellulase system (CellucIa.stC', Novo
Nordis~Denmark) was used in combination with a commercial Ji-glu
cosidase(Novozym1~,Novo-Nordisk) for cellulose degradation,while
glucoamylase (200 U/mL) and a-amylase (300 U/mL) (Sigma, St. Louis,
MO) were used to ensure complete hydrolysis of the starch. TheCelluclast
preparation contained 49 mg of protein/mL as measured by the Bio-Rad
protein assay (Bio-Rad, Hercules, CA), and the following hydrolytic
activities: 80 filter paper units (FPU)/mL, 52 IU/mL of carboxymethyl
cellulase (CMCase), 226 IU/mL of xylanase, and 50 IU/mL of P-glucosi
dase. The protein content and activities ·of Novozym 188 were as follows:
44 mg/mL, 792 cellobioase units (CBU)/mL, 5FPU/mL, 34 IU/mL of
CMCase, 94 IU/mL of xylanase, and 500 IU/mL of P-glucosidase. The
enzyme activities were measured as described by Ghose .<25).

Enzymatic Hydrolysis

Hydrolysis experiments were carried out at 2% (wIv) solid concen
tration in 50 mM sodium acetate buffer (pH 4.8), supplemented with
40 IJ.g/mL of tetracycline and 30 IJ.g/mL of cycloheximide (total volume
50 mL) at 45°C with continuous agitation (200 rpm). The entirepretreated
solids feedstock including the water-soluble sugars obtained during
steam explosionwas used during hydrolysis experiments. Eachflask was
inoculated with enzyme based on FPU of cellulase and CBU (Novozym
188) at a CBU:FPU ratio of 4:1, with an excess of glucoamylase and
a-amylase as described by Grohmann and Bothast (2). Aliquots of200 IJ.L
were aseptically taken atvarious time intervals for analysis andboiled for
5 min to inactivate the enzymes. The sugar concentrationwas then deter
mined by HPLC. Each experiment was run in duplicate.

Fermentation ofMicroorganisms

A spent sulfite liquor (SSL)-adapted strain of S. cerevisiaewas gener
ously provided by Tembec, Quebec, Canada, and used for all fermenta
tions. The yeastwas maintainedat4°Cwithperiodic transferto freshGMYP
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agar slant (1.0% glucose, 0.5% malt extract,. 0.3% yeast extract, and 0.5%
peptone). s. cereTJisiae was pre-grown in 500 mL of GMYP medium (1%
glucose, 1%yeast extract, and 1%peptone) at30°C for 3 d, thenharvested '
after 24 h, and resuspended in fresh GMYP medium. After a triple wash,
the inoculum cell concentrationwas adjusted with sterile deionized water
to provide a final cell concentration of 6 gIL (oven-dried cell weight).

Fennentation ofCom Fiber Hydrolysate

The water-soluble fractions generated from steam explosion treat
ments were preadjusted to pH 7.0 with calcium hydroxide. Fermentations
were conducted in magnetically stirred 500mLcoveredbeakers(Fl~,
Coming, Coming,NY) equippedwithpH, temperature, and agitationcon
trols. Each 500 mL Fleaker culture vessel contained 270 mL of the water
soluble hydrolysate generated during steam explosion pretreatment,
supplemented with 15 mL of GMYP medium without malt extract and
15 mL of S. cereoisiae inoculum. The fermentation vessels were run at 3QOC
and stirredmagneticallyat300rpm. Sugars, ethanol,5-HMF, and furfurals
were determined periodically from the.aliquot culture samples during the
course of the hydrolysis. Each experiment was run in duplicate.

Detoxification of Inhibitors

Overliming with the addition of sodium sulfite was used to detoxify
steam-exploded com fiber prior to fermentation (26). In short, the recov
ered hydrolysate (after steam explosion) was adjusted to pH 10.0 by the
addition of calcium hydroxide (4 gIL), reduced by adding sodium sulfite
(1 gIL), incubated at 90°C for 30~ and finally neutralized with concen
trated sulfuric acid to pH 7.0. Following neutralizStion, the resulting pre
cipitates were removed by centrifugation (6000 g for 10 min). As a control
treatment, the hydrolysate was neutralized to pH 7.0 by adding calcium
hydroxide (4 gIL) and centrifuged for 10min at 6OOOgfor 10min (26). The
concentration of toxic compounds and ethanol in the hydrolysates was
measured before and after overliming using HPLC and gas chrom
otography, as described previously.Eachexperimentwasruninduplicate.

Results and Discussion
Composition of Com Fiber

w~ initially determined the carbohydrates, Klason lignin, and ash
compositionofthe original untreatedcomfiber (Table1).The totalpolysac
charides content proved to be quite high (-76.2%), as observed by other
investigators (2), making this agricultural residue an attractivematerial for
saccharification and fermentation processes. Th~ remaining components
of the original com fiber feedstock that were not quantified during'these
analyses included protein and crude fat (2). Glucose followed by xylose
and arabinose were shown tobe the most abundantcomponentsofthecom
fiber as determined by secondary acid hydrolysis of constituent polysac-

Applied Biochemistry and Biotechnology Vois. 98-100, 2002



Com Fiber in Ethanol Produdioin 65

charides. Ithas been suggested that arabinoxylan is the major hemicellu
lose found in com fiber (com fiber gum) with branches containing xylose,
arabinose, galactose,andglucuronicacidunitsindescendingorderofabun
dance (27). Acid-insoluble lignin (Klason lignin) content was determined
to be -8.7%, which concurs with previous findings using similar quantifi
cation techniques (2).

Monomer Sugar Yield

We evaluated the effect of temperature (170-200OC), time (1-5 min),
and S02 concentration (0-6%) on the efficacy of hemicellulose recovery
and the efficiency of subsequent enzymatic saccharification of recovered
polysaccharidefrom com.6ber. Basedontheresultantsugaryields (soluble
andfollowing enzymatichydrolysis), thefivebestpretreatmentconditions
(Table2) demonstratingthehighestconcentrationofrecoveredsugarswere
chosen for subsequent evaluation. Itwas apparent that in each of the five
pretreatment conditions, a large percentage ofhemicellulose-derived sug
ars (exceptglucose) wasrecoveredinmonomericforminthewater-soluble
fraction (Fig. lA). It was also clearly shown that the concentration of
polysaccharide in the ensuing hydrolysate increased with pretreatment.
severity, reaching the highest recovery (SOCk) of hemisugars (except glu
cose) at pretreatment conditions of 19OOC, 5~ and 6% S02 (Fig. lA).
Monomeric arabinose was liberated in the greatest quantities at all severi
ties, followed by xylose and galactose, as has been previously shown by
other researchers (2). Ithas been suggested that the high susceptibi.li:ty of
arabinosyllinkages to hydrolysis may be in part responsible for fragmen
tation and solubilization of cell wall components in the com fiber (28,29).
Itwas apparent that at an explosion temperature of190OC, longer time and
higher S02 concentration led to a bettermonomerrecovery. 1bis trend was
also observed when softwood residues were steamexploded at175°C (19).
Previous research has indicated thathemicellulose-derived sugars are less
amenable to inlubitoryby-product generation at temperatures S 200°C, for
softwood and hardwood residues (3,13). Carrasco et al. (13) found better
recoveries of hemicellulose sugars at 190°C for Pinus pinaster, while
Excoffier et al. (3) showed a progressive decrease in xylose recovery from
poplar wood with increasing treatment severity.

The pretreatment severity had a strong effect on total recovery of
solids after steam explosion. This was clearly demonstrated, since the
shot yields ranged from 86 to 94%, depending on the pretreatment condi
tions used (Table 2). Itwas apparent that increased pretreatment severity
reduced recovery of the original corn fiber. Similar results have been
reported during S02-eatalyzed steam explosion of Pinus radiata (10).

Enzymatic Hydrolysis

Recovered pretreated corn fiber solids were subject to enzymatic
hydrolysis for 24 h with a combination ofcellulases and amylases supple
mented with excess f3-glucosidase. The results indicated that the
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Ara

12.11 :h 0.31

Gal

2.70±0.16

Table 1
Composition of Com Fiber (% weight)

Glu Xyl Man Total sugars

42.75 ± 1.08 18.03 ±0.56 0.58 ±0.03 76.17 ± 2.08

Klasonlignin

8.72 ±0.21

Ash

0.65 ± 0.02

Table 2
Conditions for S02-Catalyzed Steam Pretreatment of Com Fiber and Shot Yields

Expressed as a Percentage of the Original Oven Dried Com Fiber After
Steam Explosion over a Range of Temperatures, Time and S02 Concentrations

Sample Temperature (0C) Time (min) S02 (%) Shot yield (% original)

eft 190 2.5 3.0 94
cf2 190 2.5 6.0 92
cf3 200 1.5 6.0 90
cf4 190 4 6.0 87
cf5 190 5 6.0 86
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Fig. 1. Percentage of monomeric sugars in (A) water-soluble fraction of steam
exploded comfiber following differentpretreatmentconditions, and (B) hydrolysates
(unwashed solids =solids + water-extracted sugars) generated folloMng sequential
steam explosion and enzymatic hydrolysis.

hydrolyzability of the solids improved as the pretreatment conditions .
became more severe (Fig.1B). This trend has alsobeenpreviouslyobserved
in softwood residues, in which optimal enzymatic hydrolysis of the cel
lulosic component occurred at higher pretreatment severities (19). The
sequential steam explosionpretreatmentfollowed byenzymatichydroly
sis of com fiber in the current study showed an 81% conversion of all
original polysaccharides to monomeric sugars, which is comparablewith
the work of Grohmann and Bothast (2) in which 85% conversion was
achieved using dilute-acid treatment in combination with enzymatic
hydrolysis (2).

Itwas also apparent that only glucose was released in large quantities
from the pretreated com fiber, showing 100% conversion by enzymatic
hydrolysis at all severities (Fig. IB). Ithas been suggested that the glucose
is releasedbythe enzymatichydrolysisofgelatinizedandsolubilizedstarch
(7), which has clearly been made quite accessible by the steamexplosion
pretreatment. Furthermore, the residual starch remaining after the milling
process seems to be susceptible to enzymatic hydrolysis without the need
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for significant hydrolysis of xylosyllinkage created by very severe steam
explosionconditions. AlthoughS02-catalyzedsteampretreatmentisnee-
essary prior to enzymatic hydrolysis, near-complete glucose conversion is
attainable by subsequent enzymatic hydrolysis stages at all tested severi
ties. Thisclearlysuggests thatthemildpretreatmentconditionsareoptimal

. for this lignocellulosic feedstock. The recovery yields of galactose, arabi
nose, and xylose of the solids obtained from the most severe treatment
(190°C, 5min, and 6% S02) rangedfrom 55to 61%. Thesefindings support
the conclusions of Grohmannand Bothast (2), who indicated that using
diluted sulfuric acid pretreatment following enzymatic hydrolysis-opti- .
mal conditions for enzymatic hydrolysis-requires approx 600/0 conver
sion of xylosyl units to xylose bypretreatment At this point, arabinose is
released from arabinosyl units in80-85% yield, and galactosefrom galae
tosyl units in 56-64% yield, both by acid treatment alone (2). Since only
40,60, and 73% of the original xylose, arabinose, and galactose, respec
tively, was released during the most severe pretreatment in the present
investigation, there seems to be incomplete enzymatic hydrolysis of the
pretreated solids. .

These findings suggest that the current conditions do not liberate all
the hemicellulose-derived sugars, and other approaches maybe required
inorder to release a greaterproportionofthe availablepolysaccharide. The
observed incomplete enzymatic hydrolysis may be influenced by the for
mation of degradation products such as sugar-lignin complexes and pro
tein-linked polysaccharides inhibiting enzymatic digestibility; however,
this requires further investigation.

Fermentation ofCom Fiber Hydrolysate

It is well established that as steam explosion severity increases, so
does the degradation of monomeric sugars, by dehydration and conden
sation reactions that occur at higher temperatures and longer cooking
times (11). As previously indicated (Fig. 1), maximum sugar yields
(soluble and following enzymatic hydrolysis) were recovered from com
fiber pretreated at 190°C for 5 min with 6% S02. Therefore, the water
soluble fraction obtained from thesepretreatmentconditionswasassessed
for its feasIoility as a medium for effective fermentation to ethanol. As
expected, only the hexose sugars/ glucose and mannose, h"berated in the
com fiber hydrolysate were effectively used by s. cere:uisiae during the fer
mentationprocess. Conversions to ethanol with yields of90 to 96%oftheo
retical were attained (Table 3). These results were comparable with those
of Dien et aI./ (30) who indicated 9O-94%.conversion rates for com fiber
hydrolysates fermented by E. coli FBR 3. .

Strategies for inhibitor abatement released during pretreatmentwere
alsoassessedin this study. Previously, ithasbeensuggestedthatoverliming
and the addition of sulfite had beneficial effects on the fermentation
(26,30,31). Consequently, in an attemptto detoxify thehydrolysates gener-
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Fig. 2. Consumption of furfural and 5-HMF and generation of ethanol during
.....nnentation of hydrolysates prepared by neutralizing and overliming with sulfite
addition. -

ated during the steam explosion pretreatment at different severities,
overliming with the addition of sulfite was compared to the standard
neutralization protocol. Our results indicate that overliming prior to fer- _
mentation increased the ethanol yields by 6% and the average volumetric
ethanol productivityby 5%, when compared to the standardneutralizing
method (Table 3). During the fermentations, the sugar-derived degrada
tion products formed primarily from hexose and pentose sugars, such as
5-HMF and fwfurals, respectively, were quantified. Neutralizationof the
hydrolysate by the addition of calcium hydroxide reduced the original
5-HMF (0.23 giL) and furfural (0.83 giL) concentrations by 35 and 85%" 
respectively, while overliming decreased the amount of original5-HMF
and furfural by 50 and 99%, respectively (Table 3). Larsson et al., (32) also
reported the beneficial effect of overliming with the addition of sodium
sulfite, indicating reductions in the amount of 5-HMF and furfural gener
ated during the steam explosion of Norway spruce (Picea abies) by 50010.

It was apparent that S. cerevisiae was able to uf#ize both 5-HMF and
furfurals in the overlimed hydrolysate within 2 h of fermentation (Fig. 2).
A low concentration of inhibitors produced during the pretreatment and
very high conversion rates of sugars to ethanol suggest that 190°C, 5 min
and 6% 502 conditions were optimal for an efficient fermentation process.

Conclusion

The results show that a two-stage treatment for com fiber processing
comprising of 502-eatalyzed steam explosion and posthydrolysis by a
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Influence of Hydrolysate Detoxification Methods on Fermentations.

Sugar utilized (%) Maximum ethanol (gIL) Ethanol yield (gIg) 5-HMF (gIL)·

48.0 ± 3.56 6.63 ± 0.08 0.46 ± 0.01 0.15 ± 0.01
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